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The muon g-2 puzzle

* The magnetic dipole moment for Dirac particles can be

eh
written = g—S
2mc

— Dirac equation predicts g = 2 exactly

e Corrections from higher order processes cause g to differ
from 2 by a small amount. Characterize with anomalous
magnetic moment:

1
a, = E(gz —2)

* For the electron, theory and experiment
agree to great precision

* For the muon, they are in tension, which
is the puzzle
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Status of a,- “before”

theory __ _QED Hadronic LO Hadronic NLO Hadronic LBL Weak
a, =a, +au +au +au +au
1z | H n(p) p( k1 Iz Iz
From Quantum Electrodynamics (QED) 11 658 471.895 +0.008
g Leading Order Hadronic Vacuum Polarization 692.3 +4.2
NLO Hadronic Vacuum Polarization -9.8 +0.1
Hadronic Light by Light 10.5 +2.6
h Weak Interactions 15.4 +0.1
h
aL cony 11 659 180.2 +4.9
e 11 659 208.9 +6.3
Aa — aexperiment _ atheory 3 6 G 28.7 +8.0
0 u 0 . < >
DHMZ: Eur. Phys. J. C (2011) 71:1515 units of 1010
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The allure of a,

* Longstanding tension between experiment e
and theory could be a hint at New Physics Ee'fmllab
(NP).

* Rich muon program here at Fermilab and at
J-PARC addressing the experimental side.

e Other experiments, including BABAR, provide
inputs for the theoretical calculations,
particularly at low energies where
perturbative QCD runs into difficulty.
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Primarily designed for study of
CP-violation in B meson decays
e Quality and general-purpose

design make it suitable for
\ a large variety of studies /

 NIM A479,1 (2002), |
update: NIM A729, 615 (2013)
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The BABAR Running Era

As of 2008/04/07 00:00

i BaBar

PEP Il Delivered Luminosity: 553.34/fb

- BaBar Recorded Luminosity: 531.32/fb

BaBar Recorded Y(4s): 432.89/fb

BaBar Recorded Y(3s): 30.23/fb

BaBar Recorded Y(2s): 14.45/fb
Off Peak Luminosity: 53.74/fb
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ISR Method

hadrons

“y

hédron.

S

BABAR

-

* Photon emitted by electron or positron — Initial State Radiation (ISR)
» Carries away energy - allows “scan” of energies for remaining system

* Easily identified back-to-back topology
* High acceptance, even at threshold

* Exploited heavily at BABAR for large number of hadronic cross sections
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BABAR ISR Contributions

Calculate via dispersion relation integral.

Lowest CM energies contribute most R(s)
TTRE) |

. oom S
Hadronic LO __ H .
a‘u = ? J S2 RHAD(S)dS 0.63..

my
o(e'e” — HAD)
HAD(S)=

o(e’'e > uu)

KK, KKan

k ol o As of October 2013
1a( - A H e nRY
dispersion T ] A - SN N NN N N N O Gl
3 relation 1) E 2 P B ¢ mERE
s f Q
Bao T A S L
o H i s
] K KK R0R0
Above ~2 GeV, theory can use PP I SR 1 S N N AN S R, . Kiew
. .l = 'l . K'K'zz'ﬁn‘n
perturbative QCD. ° E by |0
Below that, rely on experimental 1g
input. BABAR providing significant -
: 107 E
inputs -
102 &
Eeyr = 1.8GeV
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Study of e'e - nm'nm'm

To Be Submitted

50
Resolves tensions among previous results :
OSND
mADONE v}2
AADONE MEA

Large signal (over 150,000 events) :

Larger energy range than previous results

35F

o(e'e” = ' 2n") (nb)

=ND
Biggest background frome'e” > 'n 37" & | COLYA
* Background measured from data 3 g
205— v
Impact: 15 _ Preliminary

Greatly improved uncertainties. ~3.3% for
energies less than 1.8 GeV
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Study of e'e” >’ n

To Be Submitted
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* Reconstruct via7) — yy decay

* Highest energy range for this mode
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Study of e¢'e” > n'nn

To Be Submitted

- model 4
— model 3

----- model 2

Vector Dominance Model fits
- detailed information on dynamics

= = model 1

Preliminary

Cross section, nb
w
|

Cross section, nb
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M a1
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E.m (GeV)

model 1: p(770) -p(1450) fits ECM < 1.7 GeV

model 2: p(770) -p(1450) -p(1700) fits < 1.9 GeV

model 3: p(770) —-p(1450) +p(1700) fits < 1.9 GeV

model 4: p(770) -p(1450) +p(1700) +p(2150) fits < 2.2 GeV
relative phases 0 (+) and 180° (-)
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Modes with Kaons

KO reconstructed as a pair of opposite
S charge tracks with a displaced vertex

L 0 ~
via its decay KS N

Events/0.0007 GeV/c’

1 1 L L 1 | L Il L | 1 L 1 L | 1 Il 1 L ] ] L 1 Il I L 1
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KO identified as an isolated energy cluster L UL
. . 8000 % -

L in the calorimeter, cluster shape not [ K, % _

consistent with a photon.

e Validated via e 6000 1
+ - 0 0 3 ® Data 1
ee DY oYKK, = — Simulation
PRD89 0092002 (2014) s ]
Kir identified via standard charged-particle 3 2000} 1

PID system utilizing specific ionization, timing,
Cerenkov radiation, calorimetry
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Study of ¢'e” - k%k°2°, K°k’n, KK°n’n’

Phys. Rev. D95 (2017) 052001.
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Improved energy range and cross-section uncertainties.
First observation for J /w decays to these states
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G(K K, 1) (nb)

Study of ¢'e —» k{k7°, K(Kin, KK n’z’

Phys. Rev. D95 (2017) 052001.
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Study of e'e” - K K*n*n’, K.K*m'™n

Phys. Rev. D95 (2017) 092005.
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— ';%;*'-‘*- e 2.5%%'”!’7?"‘*‘“; —WMW “'.'ﬁd tk'!i-bglfﬂt*lﬂb‘;"ftﬂi

Ec.m. (GCV) C.m. (GGV)

Significant contributions from J /v obvious
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Total KK () Cross section
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* All possible modes now measured by BABAR
No more need to rely on isospin arguments
Improves precision on inputs to g-2 calculations
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Status ofau— “after”

aZwory _ aSED n aliladronic Lo 4 a;ladronic NLO a;ladmmc NNLO a;ladronic LBL | a‘LVtVeak
From Quantum Electrodynamics (QED) 11 658 471.885 +0.004
Leading Order Hadronic Vacuum Polarization 692.8 +3.3
Before:  692.3 +4.2
NLO Hadronic Vacuum Polarization -9.87 +0.09
NNLO Hadronic Vacuum Polarization 1.24 +0.01
Hadronic Light by Light 10.5 +2.6
Weak Interactions 15.4 +0.1
a, " 11 659 181.9 +4.2
piperiment 11 659 208.9 £6.3
A a, = a;xperiment _ aZzeory 360 @
M. Davier, arXiv 1612.02743 (2017). units of 10-1°
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Summary and Conclusions

* BABAR has made considerable use of the ISR
technique to study e"e¢ annihilation across a
broad energy range.

— Including several new hadronic modes reported
here.

* Important to improve our knowledge of muon
g-2
— the puzzle continues, more input needed!
— More on the way! Stay Tuned.
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